It has become one of the major environmental problems for people worldwide to be exposed to high arsenic concentrations through contaminated drinking water, and even the long-term intake of small doses of arsenic has a carcinogenic effect. As an efficient and economic approach for the purification of arsenic-containing water, the adsorbents in adsorption processes have been widely studied. Among a variety of adsorbents reported, the metal oxide heterostructures with high surface area and specific affinity for arsenic adsorption from aqueous systems have demonstrated a promising performance in practical applications. This review paper aims to summarize briefly the metal oxide heterostructures in arsenic removal from contaminated water, so as to provide efficient, economic, and robust solutions for water purification.
Introduction
One of the decontamination goals is to detect and remove toxic substances from contaminated water in an affordable and robust way [1] , because the widely distributed substances, such as heavy metals, are known to cause harm to humans and environments [2, 3] . Thus, how to effectively dispose of these environmentally undesirable substances from water systems is still very important and challenging. Numerous methods have been proposed for efficient heavy metal removal from water, including chemical precipitation, ion exchange, adsorption, membrane filtration, and electrochemical technologies, and so forth [4] . Among these techniques, as a simple, efficient, cost-effective, and ecofriendly approach for removing extremely toxic metal ions in drinking water and in hydrometallurgical streams, adsorption offers good flexibility in design and operation and will generate highquality treated effluents for safe and healthy use [5] . The adsorption of heavy metals on solid adsorbents in dispersed form has been substantially studied [6] [7] [8] , and the adsorption process has become one of the major methods for heavy metal removal from water. In general, for removing heavy metal ions from water, an effective adsorbent should have the following features [9] : (i) rich active sites (ion exchange sites or vacancies); (ii) low cost; (iii) good mechanical property; and (iv) environmental friendliness. Furthermore, owing to the reversible nature of most adsorption processes, the adsorbents should be regenerated by suitable desorption processes with low maintenance cost, high efficiency, and easy operation.
As a heavy metal with major environmental and health risk, the arsenic (As) disposal has brought about particular problems in case of anomalous concentration of As in ground and surface waters, because As with high mobility has the tendency to return to these waters [10] . Generally, natural waters contain low levels of total arsenic as As(V) and/or As(III) of 1-10 g/L [4, 10] . High arsenic concentrations can inhibit nitrification, and the inhibition of microorganisms in arsenate-rich soils is growing. Furthermore, arsenic is responsible for developing cancers of liver, bladder, skin, and kidney, and long-term intake of small doses of inorganic arsenic compounds may also cause many other diseases [6] . Similar to the techniques for disposing of other heavy metals as mentioned above, many approaches have also 2 Journal of Nanomaterials been developed to remove As from contaminated water [11] . The arsenic disposal technologies can be specifically classified into three major categories: membrane separation, coagulation-precipitation, and adsorption [12, 13] . The interactions of arsenic species with metal oxides and hydroxides are important in order to control the mobility of arsenic in the natural environment, which can be used for removing arsenic with metal-based coagulants and adsorbents. For example, the prepared iron and aluminum based adsorbents from relatively inexpensive materials showed their effectiveness in removal of dissolved arsenic from water [14] . Actually, the capability and efficiency of adsorption technology in arseniccontaining water treatment mostly depend on the features and functions of the adsorbents employed.
The alumina and modified alumina adsorbents have been widely applied for As removal from aqueous systems, which is partly owing to their large surface areas and high activities [15, 16] . Other than alumina, the metal oxides with nanosized building blocks may contain high surface area and more surface functional groups, which can interact with As and other heavy metal ions [8] . The overall heterostructures of the metal oxides may also provide desirable mechanical properties, such as robustness, facile transportation, and easy recovery and regeneration, resulting in excellent adsorption capacities for As removal from contaminated water [17] . Note that the initial As ion concentrations are normally very low in practical applications; hence the capacity to remove As ions at low concentrations is a better criterion for selecting a suitable metal oxide adsorbent [18] [19] [20] . Moreover, the development of nanomaterials [9] , especially those with heterogeneous structures, such as porous materials [21] [22] [23] [24] , spheres [25] [26] [27] [28] [29] [30] [31] , hierarchical materials [32] [33] [34] [35] [36] , nanocomposites [37, 38] , nanoparticles [39, 40] , nanosheets [41] [42] [43] [44] , nanojunctions [45] , nanowires [46, 47] , nanoflowers [48] , and binary metal oxides [49, 50] , is expected to play a key role for the diversified applications, including the detection and remediation of water pollution. The design and application of novel nanostructured metal oxides has received more and more attention in the purification of arsenic contaminated water in the past few decades. The aim of this review is to present a broad view of metal oxide heterostructures as adsorbents that have been identified for use in arsenic removal from water systems.
Metal Oxide Heterostructures for Arsenic Removal
Arsenic is both redox sensitive and able to form oxyanions, so the speciation of arsenic is sensitive to both the redox states and pH values of the chemical environment. The most stable redox states include −3 (arsine gas, AsH 3 ), −1 (alkyl arsenic), 0 (elemental arsenic), +3 (arsenite), and +5 (arsenate), and the latter two states are dominant in aqueous arsenic solutions [11] . Once dissolved, both As(III) and As(V) species are able to bind with one or more hydrogen ions, forming two deprotonation series. The World Health Organisation's guideline for maximum arsenic concentration in drinking water is currently 10 ppb [14] . In the adsorption process for arsenic disposal, the heterostructured metal oxide based adsorbents mainly include activated alumina, iron oxides, zirconium oxides, titanium oxides, cerium oxides, binary metal oxides, and so on [5, 12] . Generally, the high surface area and high specific affinity for arsenic adsorption are the two key factors to determine the efficiency of arsenic removal from contaminated water. The high surface area of metal oxide may provide rich sites for arsenic adsorption, which is normally benefited from porous structures. The high specific affinity is mainly due to the abundant surface hydroxyls on metal oxides [5] . The schematic drawing to show the main idea of this review paper was illustrated in Scheme 1.
Activated Alumina.
Activated alumina is the most commonly used adsorbent for arsenic removal from contaminated water [14, 16, 51, 52] . The activated alumina was applied successfully for removing arsenic, if the pH of wastewater was slightly acidic and the competing anions were present in small concentrations [12] . The activated alumina has the advantage of simple and long-time operation even for 1-3 months before regeneration is required. However, it is disadvantageous that both NaOH and H 2 SO 4 are required in the regeneration process. Moreover, it is necessary to further treat and dispose of the spent contaminated alkaline and acid wastewaters. The conventional activated alumina with ill-defined pore structures generally showed low adsorption capacities in a kinetically slow manner. An ideal activated alumina adsorbent should have accessible and interlinked pore systems, high surface area, and good physical and/or chemical stability. The arsenic removal was therefore carried out with a mesoporous alumina prepared via a templating method [53] , and the resulting alumina was insoluble and stable under the condition of pH = 3-7. Compared with the conventional activated alumina, the maximum As(V) uptake of mesoporous adsorbent was ca. 7 times higher, and the adsorption kinetics were also more rapid. Surprisingly, the surface area of the adsorbent did not have influence on its adsorption capacity greatly. In this case, the key factor for adsorption was supposed to be uniform pore size and interlinked pore system. In a recent paper, Han et al. studied the mesoporous alumina as an effective adsorbent for arsenic(V) removal in the pH of 2.5-7.0 [51] . The arsenic adsorption data were well fitted by the Langmuir isotherm model with a maximum adsorption capacity of 36.6 mg/g at near neutral pH. The mesoporous structure was favorable for the diffusion and transportation of arsenate species, and the high surface area and more hydroxyl groups benefited the formation of positive aluminum hydroxide species. Li et al. also reported a highly ordered mesoporous alumina with superb arsenic removal capacities, which could reduce the arsenic concentration from 100 ppb to less than 10 ppb [52] , suggesting that the ordered mesoporous alumina could become the ideal adsorbents in the practical application of water purification.
Iron Oxides.
Iron is one of the most widespread elements in the earth. The convenience of resource and ease in synthesis renders iron oxides as environmentally friendly and low-cost adsorbents for arsenic adsorption [8] .
The iron oxide-coated sand with an easy preparation procedure was investigated for its performance to remove arsenic in water [54, 55] . The adsorption reaction showed a Langmuir-type adsorption isotherm, where the electrostatic interaction was possibly involved in the adsorption. Recently, the iron-oxide coated natural rock was developed with As(III) adsorptive capacity of 1.647 mg/g [56] , which was in accordance with the data evaluated from the Langmuir isotherm.
The ultrafine -Fe 2 O 3 nanoparticles were prepared to remove arsenic ions from both lab-prepared and natural waters [39] . These -Fe 2 O 3 nanoparticles were aggregated into a highly porous structure with a high specific surface area of 162 m 2 /g, and high-affinity hydroxyl groups were covered on the surface. Under neutral pH, the adsorption capacities of the -Fe 2 O 3 nanoparticles for As(III) and As(V) from lab-prepared water samples were found to be ca. 95 mg/g and 47 mg/g, respectively. These -Fe 2 O 3 nanoparticles maintained their arsenic adsorption capacity even at very high competing anion concentrations. Moreover, without the peroxidation and/or the pH adjustment, these -Fe 2 O 3 nanoparticles could effectively remove both As(III) and As(V) from a contaminated natural lake water sample [39] . Fe 2 O 3 showed a higher capacity than that of Al 2 O 3 in the removal of As(V) ions from water, and the initial sorption rate of Fe 2 O 3 was also higher than that of Al 2 O 3 , which indicated that the nano-Fe 2 O 3 is effective in the removal of As(V). The flower-like hierarchical iron oxides were used for removal of As(V) ions [17, 57] . The As(V) adsorption capacity of 5.3 mg/g with all three types of iron oxides ( -Fe 2 O 3 , -Fe 2 O 3 , and Fe 3 O 4 ) was obtained, which was about 10 times higher than that of a commercial iron oxide sample (0.46 mg/g).
Mesoporous magnetic nanostructures may solve the problems associated with aggregation and poor separation. The mesoporous -Fe 2 O 3 was therefore developed with a specific surface area of 35.7 m 2 /g, demonstrating a maximum uptake of arsenic ions of 73.2 mg/g, which was higher than that of the aggregated -Fe 2 O 3 nanoparticles [58] . This was mainly attributed to the larger specific surface area, pore volume, and pore sizes of the mesoporous -Fe 2 O 3 structures.
Mamindy-Pajany et al. studied the arsenic adsorption by commercially available goethite and haematite [59] . Higher adsorption was observed in acidic pH, and the adsorption on both adsorbents decreased at alkaline pH values. There was no effect of the ionic strength on arsenate adsorption, implying the formation of an inner-sphere surface complex.
At pH values corresponding to natural water, both haematite and goethite were able to adsorb more than 80% of arsenic, irrespective of the initial concentration. The iron oxides used were supposed to be suitable adsorbents for As(V) removal technologies. Later, Mamindy-Pajany et al. also discussed arsenic(V) adsorption under different physicochemical conditions with the commercial adsorbents: hematite, goethite, and magnetite [60] . The arsenate adsorption was related to the iron content of adsorbents, and the adsorption rate increased in the following order: goethite > hematite > magnetite. The arsenate adsorption was fitted well by the Langmuir model for almost all adsorbents, indicating a monolayer adsorption of arsenic.
Babu et al. reported that the adsorbed arsenic on magnetic Fe 3 O 4 core-shell nanorods was easily removed by magnetic separation and regenerated by acid treatment, resulting in an arsenic removal rate of more than 99% [29] . Feng et al. synthesized superparamagnetic acid-coated Fe 3 O 4 nanoparticles with a high specific surface area through an environmentally friendly hydrothermal route, which exhibited a maximum adsorption capacity of 16.56 mg/g for arsenic(V) and 46.06 mg/g for arsenic(III) [61] . The adsorption data were in accordance with the Langmuir equation. In another study, the low-cost Fe 3 O 4 -loaded activated carbon as adsorbent was developed with Fe 3 O 4 nanoparticles uniformly deposited on the surface of the composite, presenting a high surface area of 349 m 2 /g and a pore volume of 0.20 cm 3 /g [62] . The higher temperature favored the adsorption capacity, and the composite displayed an excellent adsorption capability for arsenate with a maximum adsorption capacity of 204.2 mg/g at pH 8.0. Furthermore, the magnetization of composite allowed an easy regeneration by an external magnetic field after the adsorption process.
Titanium Oxides.
As an important oxide with numerous practical industrial applications, titanium oxides (TiO 2 , also called titania) have attracted significant attention in the fields of photocatalysis, lithium ion batteries, and wastewater purification [63] .
The nanocrystalline TiO 2 exhibited a much higher adsorption capacity for As(V) and As(III) than fumed TiO 2 (Degussa P25) and granular ferric oxide [64] . Over 0.5 mmol/g of As(V) and As(III) was adsorbed by TiO 2 at an equilibrium arsenic concentration of 0.6 mmol/L. The competing anions showed a moderate effect on the As(III) and As(V) adsorption capacities of TiO 2 within neutral pH range. The authors also investigated the arsenate [As(V)] and arsenite [As(III)] interactions at the solid-water interface of nanocrystalline TiO 2 by using electrophoretic mobility measurements, Fourier transform infrared spectroscopy, extended X-ray absorption fine structure spectroscopy, and surface complexation modeling [19] . Jing et al. studied the adsorption of organic arsenic, such as monomethylarsonic acid and dimethylarsinic acid, on nanocrystalline TiO 2 [65] and found that bidentate and monodentate inner-sphere complexes were formed with the TiO 2 surface during the adsorption. Jézéquel and Chu analyzed the effects of pH and divalent cations on the adsorption of arsenate (As(V)) by TiO 2 nanoparticles [66] .
Highly nanoporous titania spheres were prepared through in situ hydrolysis of titanium glycolate precursor spheres [20] . In case of the initial As(V) concentration of 184.8 ppm, the removal capacity of the titania spheres was 51.8 mg/g, much higher than commercial and directly calcined samples. The As(V) removal was proposed to form bidentate binuclear surface complexes between TiO 2 and As(V) species in the solution. Guo et al. reported a three-dimensional TiO 2 nanostructure consisting of a nanoparticle core and needlelike surface, demonstrating a maximum adsorption capacity of 59.7 mg/g for As(V) [67] . The high performance of self-assembled TiO 2 in water treatment was due to the large hydroxyl group density, high specific surface area, and the three-dimensional nanostructure consisting of a nanoparticle core and needlelike surface.
Zirconium Oxides.
Zirconium-based oxides are stable, nontoxic, and not dissolvable in water, so they are an attractive choice for arsenic removal in drinking water [68, 69] .
The zirconium oxide nanoparticles with high adsorption capacities for both As(III) and As(V) at near neutral pH were developed [68, 70] . These ZrO 2 nanoparticles could remove arsenic species even with exceptionally high concentrations of competing ions. Based on this, highly porous and nanostructured ZrO 2 spheres were then fabricated, showing better arsenic removal performance on both As(III) and As(V) than ZrO 2 nanoparticles [71] , which was readily applied to conventional fixed-bed adsorption reactors in industry. These zirconium oxide spheres are nontoxic, highly stable, and resistant to acid and alkali, with a high arsenic adsorption capacity. The ZrO 2 spheres had a promising potential for their application in water treatment practice.
A commercially available mesoporous hydrous zirconium oxide was employed for arsenic removal, and some competitive anions and cations were studied under batch and column conditions [69, 72] . The exchange performance of the hydrous zirconium oxide was pH-dependent. The adsorbent exhibited high adsorption capacity at pH < 8. It was found that the silicate (and phosphate) ions were the main competitors affecting the arsenic removal from drinking water or groundwater. The results of field trials showed high efficiency of the mesoporous hydrous zirconium oxide for treating arsenic contaminated water.
The Zr(IV)-loaded phosphoric acid chelating resin was synthesized, showing a maximum As(V) adsorption capacity of approximately 0.20 mmol/mL for wet resin (0.67 mmol/g for dry resin) [73] . It was found that NaCl and NaNO 3 could enhance the adsorption of As(V), and the electrolytes in seawater also promoted the adsorption of As(V). In addition, the Zr-containing resin displayed high selectivity to As(III). Seko et al. reported a fibrous adsorbent prepared by loading zirconium on fibrous phosphoric adsorbent with a zirconium density of 4.1 mmol/g [74] , displaying a total As(V) adsorption capacity of 2.0 mmol/g at pH = 2. Its superb adsorption rate was 130 times faster and its capacity was 6 times higher than those of adsorbent resin.
Hristovski et al. synthesized nanoporous ZrO 2 spheres by the impregnation of macroporous ion-exchange media with zirconium salt followed by high temperature treatment, and the fabricated ZrO 2 spheres exhibited the adsorption capacity comparable to some commercially available iron oxides [75] . Moreover, the high porosity was provided for improved pore diffusion and faster mass transfer, which may be critical for applications when diffusion is a limiting factor. However, due to the higher production cost than iron based oxides, the ZrO 2 spheres may be limited to specific applications where iron based oxides could not be used efficiently. Suzuki et al. reported a porous resin loaded with monoclinic or cubic hydrous zirconium oxide prepared by incorporation of ZrOCl 2 into porous spherical polymer beads, which presented maximum arsenic adsorption capacities of ca. 1.5 and 1.2 mmol/g for As(III) and As(V), respectively [76] . The hydrous zirconium oxide-loaded resin displayed a strong adsorption for As(V) in the range of slightly acidic to neutral conditions, while As(III) was favorably adsorbed at pH of 9-10. This approach was supposed to be applicable for various combinations of hydrous metal oxides and porous matrices of desired applications.
Cerium Oxides.
Cerium oxide was widely studied, because it is one of the most abundant and least expensive rare earth metal oxides. Cerium oxide possesses the lowest solubility against acid among the rare earth metal oxides and does not elute in the process of removing harmful ions in water [77, 78] . Therefore, it is believed to be a very promising alternative adsorbent in arsenic disposal.
For the ceria used as the adsorbent for As removal, a 3D flowerlike micro/nanocomposite structure of ceria resulted in much higher removal capacities than the commercial metal oxides [18] . The larger surface area of heterostructured cerium oxides may explain both higher removal capacities and faster adsorption rates. About 90% of the adsorption capacity was reached quickly after mixing ceria and As(V) solution.
Li et al. synthesized hydrous cerium oxide nanoparticles with a high specific surface area of 198 m 2 /g and high affinity surface hydroxyl group by a simple precipitation process, and it demonstrated exceptional adsorption properties in terms of adsorption capacity and kinetics on both As(III) and As(V) [78] . At neutral pH, their arsenic adsorption capacity was over 170 mg/g for As(III) and 107 mg/g for As(V), respectively. Even at very low equilibrium arsenic concentrations, the amount of As(III) and As(V) adsorbed by the nanoparticles was still more than 13 mg/g at 10 g/L and 40 mg/g at 50 g/L, respectively, which were higher than the arsenic adsorption capacities for most commercial adsorbents. Over a wide pH range of 3-11, the nanoparticles could efficiently remove As(III) by adsorption. Such exceptional arsenic adsorption performance by the cerium oxide nanoparticles was shown to derive from the strong inner-sphere complexion [78] . Meanwhile, the same group also prepared a novel composite adsorbent by integrating CeO 2 nanoparticles into silica monoliths [79] . The composite demonstrated superior arsenic removal performance on both lab-prepared and natural water samples. After desorption and regeneration, the composite still maintained a good arsenic adsorption performance, which was promising for their potential industrial applications.
Manganese Oxides.
Manganese oxide is an important natural oxidizing agent. The As(III) oxidation by manganese oxide is very vital in both the natural cycling of As and the development of remediation technology, which can be used to lower the concentration of dissolved As(III) in drinking water [80] .
The reactivity of As(III) with a synthetic MnO 2 compound was investigated to provide some new insights into the reaction of As(III) with a representative synthetic birnessite [81] . The studies found that the As(V)-MnO 2 complex formed was most likely a bidentate binuclear corner sharing (bridged) complex occurring at MnO 2 crystallite edges and interlayer domains. Moreover, the As(III) oxidation caused a surface alteration, creating fresh reaction sites for As(V) adsorption on MnO 2 surfaces. Zhu et al. investigated As(V) and As(III) surface complex structures and reaction energies on both Mn(III) and Mn(IV) sites with the density functional theory calculations in order to better understand As(III) oxidation by a layered MnO 2 mineral birnessite [82] . It was then hypothesized that the Mn(III) sites were less reactive in terms of As(III) oxidation due to their lower affinity for As(III) adsorption, higher potential blocked by As(V) complexes, and slower electron transfer rates with adsorbed As(III).
Li et al. used the pyrolusite ( -MnO 2 ) to investigate the oxidation of arsenite into arsenate with batch experiments [83] . The arsenite transformation was accompanied by the adsorption and fixation of both As(III) and As(V) on -MnO 2 . The enhancement on sodium arsenite oxidation may result from abundant active sites of -MnO 2 . It was therefore proposed that -MnO 2 had important potential in arsenic transformation and removal as the environmentally friendly natural oxidant in contaminated water. Zhang and Sun synthesized multifunctional micro-/nanostructured MnO 2 spheres for the As removal from water [84] . The batch experiments showed that As(III) species were effectively oxidized by the obtained MnO 2 followed by the adsorption of As(V) species. The As(V) removal rate with the MnO 2 spheres was clearly dependent on pH and ionic strength, and the coexisting anions such as CO 3 2− , SO 4 2− , and PO 4 3− could induce suppressive effects. The As(III) and As(V) interacted differently with the synthesized MnO 2 spheres.
Copper Oxides.
CuO is an effective arsenic adsorbent because it does not require pH adjustments or oxidation of As(III) to As(V) and it performs well in the presence of competing anions. Cao et al. developed a hierarchically nanostructured CuO with high specific surface area through a facile two-step process [85] . The doughnut-like CuO structure possessed high removal capacity for As(III) and could be easily separated and recycled during water treatment processes. The removal capacities of different CuO samples were found to be proportional to their BET surface areas. The doughnut-like structure with an prominently larger specific surface area was therefore advantageous for As(III) removal. Martinson and Reddy synthesized CuO nanoparticles with a surface area of 85 m 2 /g [86] , and the nanoparticles could effectively remove As(III) and As(V) at pH 6-10, with a maximum adsorption capacity of 26.9 mg/g for As(III) and 22.6 mg/g for As(V). The presence of sulfate and silicate in water did not inhibit the As(V) adsorption but slightly inhibited the As(III) adsorption. The high concentrations of phosphate (>0.2 mmol/L) reduced the arsenic adsorption by CuO nanoparticles.
Magnesium
Oxide. Magnesium oxide was utilized as a sorbent in water treatment to remove toxic ions and organic pollutants, but the studies on arsenic removal by MgO are still very limited. Hristovski et al. reported the removal of As(V) by commercial MgO powders [87] . Liu et al. demonstrated highly porous magnesium oxide nanoflakes with a high surface area of 115.9 m 2 /g and a total pore volume of ca.
0.254 cm 3 /g [88] . The MgO adsorbents displayed an exceptional As(III) removal performance from aqueous solutions with a maximum adsorption capacity of 506.6 mg/g. The high As(III) adsorption capacity was dependent on the in situ formation of Mg(OH) 2 due to the interaction of MgO nanoflakes with water. The formed Mg(OH) 2 could form a magnesium-arsenite compound, which was responsible for the high affinity to As(III) in aqueous solution.
Binary Metal Oxides.
Compared with the metal oxides based on a single metal, the binary oxides based on two or more metals (or elements) may provide promoted performance for arsenic disposal from contaminated water. We hereby summarized some typical binary metal oxides with superior arsenic adsorption performance.
Three types of aluminosilicates (natural metakaoline, natural clinoptilolite-rich tuff, and synthetic zeolite) treated with Fe(II) nanoparticles were employed for the arsenate sorption from model aqueous solution [89] . The sorption capacity of Fe(II)-treated adsorbents was increased significantly in comparison to the untreated material with the As removal rate of over 95%. Li et al. used an iron(III) exchanged natural zeolite clinoptilolite to enhance As removal [90] . The batch test showed a sorption capacity of 144 mmol/kg on the Fe(III)/zeolite, and the As adsorption could reach up to 100 mg/kg. Bilici Baskan and Pala modified the clinoptilolite with 0.1 M FeCl 3 , and at lower initial arsenate concentration, the adsorbent exhibited greater removal rates [91] . This study showed that the adsorbed amount of arsenic was dependent on both the iron concentration in the clinoptilolite and the initial arsenate concentrations.
The Fe-Zr oxides have attracted much attention in the treatment of arsenic-containing water. Gupta et al. synthesized a nanostructured iron(III)-zirconium(IV) binary mixed oxide for arsenic removal [92] . The material could be regenerated (ca. 80%) with 2.0 M alkali solution after adsorption of arsenic. The toxicity characteristic leaching procedure test showed the nonhazardous nature of arsenic adsorbed material. Later, the same group reported an agglomerated nanostructured bimetal mixed iron(III)-zirconium(IV) oxide, exhibiting a good sorption capacity for arsenic(V) in pH = 3.0-7.0 [93] . The pseudo-second-order and the Langmuir isotherm equations could well explain the kinetic and equilibrium data (pH = ca. 7.0), respectively. The estimated 6 Journal of Nanomaterials Langmuir monolayer capacity was ca. 9.4 mg g −1 . Zheng et al. prepared a zirconium-based magnetic sorbent with a surface area of 151 m 2 /g, showing a maximum As adsorption capacity of 45.6 mg/g, which was much higher than many reported sorbents [94] . It was proposed that the -OH groups played an important role in the uptake. Some of the arsenate was reduced to arsenite after its adsorption onto the magnetic sorbent. Ren et al. synthesized an iron-zirconium binary oxide adsorbent with a surface area of 339 m 2 /g by a coprecipitation method for both arsenate and arsenite removal [95] . The maximum adsorption capacities were 46.1 and 120.0 mg/g at pH 7.0 for both As(V) and As(III), respectively. Both As(V) and As(III) adsorption were well fitted by the pseudo-secondorder equation. The characterization results indicated that the As(V) formed inner-sphere surface complexes, while As(III) formed both inner-and outer-sphere surface complexes at the interface of water/Fe-Zr binary oxide. The high uptake capability and good stability of the Fe-Zr binary oxide made it a potentially attractive adsorbent for the removal of both As(V) and As(III) from contaminated water.
The arsenate retention, sorption, and oxidation over Fe-Mn binary oxides may play an important role in the mobilization and transformation of arsenic, due to the common occurrence of these oxides in the environment. Zhang et al. synthesized Fe-Mn binary oxides [96] and found that the maximum As(V) sorption was observed at Mn/Fe ratio of 1/6, but the maximum As(III) uptake was at Mn/Fe ratio of 1/3. The Fe-Mn binary oxides represented attractive adsorbents for both As(V) and As(III) removal from water and groundwater. In another study, Shan and Tong fabricated magnetic Fe-Mn nanoparticles through heterogeneous nucleation technique [97] , and at pH 7.0, 200 mg/L of As(III) could be easily decreased to below 10 mg/L by the FeMn particles (0.1 g/L) within 20 min. The magnetic Fe-Mn oxides could be easily regenerated with ternary solution of NaOH, NaCl, and NaClO, and the adsorption and desorption efficiencies maintained above 98% and 87%, respectively, after 5 consecutive cycles.
The Fe-Ce bimetal oxide adsorbents were prepared by a coprecipitation method [98, 99] , and the Fe-Ce oxides released 0.15-0.24 mmol of sulfate for every mmol of arsenate adsorbed, suggesting that the surface hydroxyl groups were the major active sites, and sulfate groups might play a role for the adsorption [100] . The arsenate adsorbed on the used Fe-Ce oxides could be desorbed with an efficiency of 89% using 1.0 M NaOH, and the regenerated Fe-Ce oxides after desorption showed similar arsenate adsorption performance to the fresh one. Dou et al. investigated the As(V) adsorption mechanism on an Fe-Ce bimetal oxide [101] , finding that the monodentate mononuclear and bidentate binuclear As surface complexes coexisted in the system. Compared with the dominant bidentate binuclear complex for As existing on iron (hydro)oxides in other reports, the existence of the monodentate complex could be explained by the incorporation of Ce atoms and the high surface loading. Basu and Ghosh reported nanostructured Fe(III)-Ce(IV) mixed oxides with a surface area of 104 m 2 /g [102] , and the As(III)-sorption capacity of the bimetal mixed oxide was nominally influenced by the presence of the groundwater occurring ions in the reaction system.
The ultrafine superparamagnetic Fe-Mg nanocrystallites were synthesized by Mg-doping of -Fe 2 O 3 in a solvent thermal process [103] . The nanocrystallites greatly improved the arsenic adsorption performance in both lab-prepared and natural water samples at near neutral pH, mainly due to the increased surface area, enhanced dispersion, and contact with arsenic species in water by Mg doping. This study may offer a simple and efficient one-step treatment option for arsenic contaminated water without the pre-/posttreatment, which is required for current industrial processes. The concept of electronegativity (EN) is widely used in physics, chemistry, and materials science, and it is an important parameter in describing the nature of chemical bonds and further explaining the structure and properties of materials. Recently, various electronegativity and chemical bonds were shown in alloy Mg Zn 1-O ( = 0.0-1.0) based on calculation [104] , which might be promising in the removal of arsenic.
The manganese oxide-coated-alumina was used for As(III) removal in drinking water [105] . The predicted maximum As(III) sorption capacity was 42.48 mg/g, which was considerably higher than that of activated alumina (20.78 mg/g). The sorption kinetics followed a pseudo-second-order equation. The As(III) removal mechanism was proposed to undergo a two-step process, that is, oxidation of As(III) to As(V) and retention of As(V) on the adsorbent surface to form an inner surface complex.
A nanostructured Fe-Cu binary oxide was synthesized via a facile coprecipitation method as a facile, efficient, and low-cost adsorbent for arsenic removal from water [106] . The Fe-Cu binary oxide with a Cu/Fe molar ratio of 1/2 displayed excellent performance in removing both As(V) and As(III) from water, with the maximal adsorption capacities for As(V) and As(III) of 82.7 and 122.3 mg/g at pH 7.0, respectively. The presence of sulfate and carbonate showed no significant effect on arsenic removal, but the phosphate obviously inhibited the arsenic disposal, especially at high concentrations. Furthermore, the Fe-Cu binary oxide could be used repeatedly after regeneration with NaOH solution.
The nanostructured Ce-Mn oxide materials were prepared by redox conversion coprecipitation and sol-gel methods, showing a good efficiency of arsenic removal at neutral pH and room temperature [107] .
Conclusion
Water is the dominant pathway of arsenic exposure. Based on their abundance and adsorption capacity, metal oxides with heterostructures have become one of the most promising adsorbents for the arsenic removal from aqueous solutions. The well-known and currently used industrial metal oxides for arsenic remediation include ferric oxide and aluminum oxide. Industrially, the cost considerations make it expedient to use local materials as adsorbents for arsenic removal [108] . The stabilisation/solidification processes are currently used to treat industrial wastes containing As [11] . The lime neutralization accompanied by coprecipitation of arsenic with ferric iron is the industrial choice for arsenic removal from acidic mineral processing effluents [109] .
Some important progresses have been made on metal oxides as adsorbents for arsenic disposal. The metal oxides shall have the features of being robust, nontoxic, easily available, and cost-effective. As discussed in the review paper, the metal oxide heterostructures, including activated alumina, iron oxide, titanium oxide, zirconium oxide, manganese oxide, and binary metal oxides, fit these criteria well. However, from a practical point of view, the treatment of arsenic contaminated water with metal oxides still has a long way to go. Note that the adsorption techniques often require controlling pH and considering the final disposal of arseniccontaminated residues.
